Animals are rarely confronted with isolated stimuli but have to learn associations usually involving compound stimuli. Such compounds may consist of few or many components. These circumstances raise the question of how animals process compound stimuli. Do they care about the elemental composition of the stimuli or do they process a compound as a whole?
There are four different ways of interpreting compound processing. (1) Pure elemental theories (e.g., Rescorla and Wagner 1972) assume that the total associative strength of a compound stimulus is based on the mere summation of the associative strengths of its elements. (2) The unique-cue approach (Rescorla 1972 (Rescorla , 1973 Whitlow and Wagner 1972) assumes that a compound consists of its elements, plus an additional configural stimulus that is unique to the compound but can otherwise be dealt with as an additional element. (3) Configural theories (e.g., Pearce 1987 Pearce , 1994 postulate that the elements of a compound collectively enter into one single association. According to this theory, generalization of associative strength between the elements and the compound occurs depending on their similarity. (4) An extreme configural theory adheres to the basic assumption of the configural theory but pushes the reasoning to the extreme in postulating that a compound is coded as a new stimulus (Gestalt) that is totally unrelated to its elements (for a comparison of the extreme configural and configural point of views, see Williams and Braker 1999) .
Pure elemental theories assuming additive combinations of associative strengths of components encounter difficulties in explaining the solving of patterning discriminations. A positive patterning discrimination (i.e., the animal responds to a reinforced compound AB and not to its single nonreinforced elements A and B) can be solved through elemental processing. The associative strengths of the elements could be subthreshold for the response but once added onto compound presentation, they might result in a suprathreshold associative strength. Such a summation would result in higher response to the compound than to either element. Contrary, a negative patterning discrimination (i.e., the animal responds to the single reinforced elements A or B but not to the nonreinforced compound AB) can only be solved if the animal is capable of configural processing. Summation of the elemental excitatory strengths on compound presentation would always result in higher response to the compound and would be incompatible with a decrease in the response to the nonreinforced compound.
Assuming that in compound trials a unique cue is present in addition to the elements (Rescorla 1972 (Rescorla , 1973 Whitlow and Wagner 1972) allows us to explain why animals can solve both positive and negative patterning without abandoning an elemental summation principle. Solving negative patterning is explained by assuming that the separate elements (the reinforced conditioned stimuli, or CSs+) gain excitatory strength through pairing with the unconditioned stimulus (US). On the other hand, omission of the US on compound presentation (the nonreinforced conditioned stimulus, or CS−) causes the unique cue to gain enough inhibitory strength to counterbalance the excitatory strengths of the elements. Solving positive patterning is explained by assuming that the unique cue acquires excitatory strength via pairing with the US on compound trials, whereas omission of the US on element trials causes the separate elements to remain neutral or to become inhibitory.
Solving of patterning discriminations can also be explained by configural theories (Pearce 1987 (Pearce , 1994 . If animals only use configural information about the entire compound, differentiation between elements and compound is straightforward. Generalization between the compound and its elements, however, acts against the discrimination task. The more similar the stimuli are (i.e., the more elements they have in common), the more generalization and therefore the less differentiation takes place. An extreme configural theory excludes generalization as it assumes that a compound is totally different from its components. Under such an assumption, solving of patterning discriminations is easy. A wide range of empirical outcomes is in agreement with the first three approaches (e.g., Lachnit et al. 2001) .
The honeybee (Apis mellifera L.) offers an adequate model to study the mechanisms underlying compound processing. Bees forage in a complex environment in which they are confronted with a plethora of multimodal sensory stimuli characterizing their food sources, the flowers, and their nest (Menzel 1985; Menzel and Giurfa 2001) . Within the darkness of the hive, they orient in a complex and rich olfactory world. Sensory capacities and motor performances are highly developed. Bees see the world in color, perceive shapes and patterns, and resolve movements with a high temporal resolution (Giurfa and Menzel 1997; Giurfa and Lehrer 2001) . Their olfactory sense is well developed (Vareschi 1971; Laska et al. 1999) and their mechanosensory perception is also extremely rich (Erber et al. 1998) . Furthermore, bees efficiently learn and memorize sensory information of their environment (Menzel et al. 1993; Menzel and Müller 1996; Menzel 1999; Menzel and Giurfa 2001) .
Harnessed honeybees offer a helpful preparation for studying the principles governing classical conditioning of the proboscis extension reflex (PER; Takeda 1961; Bitterman et al. 1983) . When the antennae of a hungry bee are touched with sucrose solution, the animal reflexively extends its proboscis to suck the sucrose. Odors to the antennae do not release such a reflex in naive animals. If, however, an odor is presented immediately before sucrose solution (forward pairing), an association is formed that enables the odor to release the PER in a following test. This effect is clearly associative and involves classical conditioning (Bitterman et al. 1983) . Thus the odor can be viewed as the CS and the sucrose solution as the US.
Using such a preparation and binary olfactory compounds as CSs, we were able to show that honeybees differentiate reinforced from nonreinforced stimuli in positive and negative patterning discriminations (Deisig et al. 2001) . The variation of the ratio between the presentations of the reinforced and nonreinforced stimuli modulated the amount of differentiation. The successful differentiation found for negative patterning cannot be explained by the elemental summation principle. Additionally, in the positive patterning discrimination, the response to the reinforced compound increased, whereas the response to nonreinforced elements decreased. Therefore summation of the associative strengths of the single elements cannot explain the enhanced responsiveness to the compound. Thus, configural representations should also be involved in the positive patterning discrimination (Deisig et al. 2001) . As the processing strategy adopted by the bees to solve the patterning discrimination problems in olfactory PER conditioning remained unclear (Deisig et al. 2001) , we extended our studies to further clarify this aspect. In particular, we asked whether the use of nonelemental processing by bees depends upon the type of discrimination problem. The present work was designed to study the effect of varying the number of common elements in two classes of stimuli (single odors and binary olfactory compounds). Bees were trained with two elemental odors, A and B, that had to be discriminated from a binary olfactory compound. In a first group, bees were trained with the compound AB (two common elements A and B), in a second group with the compound AC (one common element A), and in a third group with the compound CD (no common element). For each group, training was performed according to either a positive (compound reinforced and elements nonreinforced) or a negative patterning schedule (compound nonreinforced and elements reinforced). In both cases, the reduction of the number of common elements between CS+ and CS− from the first to the third group should decrease the demands for nonelemental processing to solve the discrimination. We examined the hypothesis that a maximal number of common elements (two) between both stimulus classes (i.e., a typical patterning experiment) might promote nonelemental processing, whereas the absence of common elements between both classes might promote elemental processing. To decide between the four rival explanations, the groups trained according to a positive patterning schedule received nonreinforced test trials with an element C,
Processing of Elemental and Compound Odors in Bees
whereas those trained according to a negative patterning schedule received nonreinforced test trials with a compound BC. The rationale for choosing these test stimuli is described below.
RESULTS

Experiment 1: Nonreinforced Elements and Reinforced Compounds (Positive Patterning)
In experiment 1 we investigated the impact of similarity (number of common elements) between nonreinforced elements (CSs−) and a reinforced compound (CS+) on response differentiation. The number of reinforced trials and the number of nonreinforced trials was eight. We compared the performance of three groups: group 2CE+, A−, B−, and AB+; group 1CE+, A−, B−, and AC+; and group 0CE+, A−, B−, and CD+. The discrimination of group 2CE+ is a positive patterning discrimination. Figure 1a shows for each of the three groups (upper panel, group 2CE+; middle panel, group 1CE+; lower panel, group 0CE+) the acquisition of conditioned responses (%PER) to the compound (CS+) and to the elements A− and B− (CSs−) along four blocks of trials. Figure 1b shows response to a nonreinforced element (C−) in a test phase following acquisition. All groups showed increasing response differentiation between CS+ and CSs− along training (Fig. 1a) . The response differentiation in group 0CE+ was larger than in group 2CE+. Response differentiation of group 1CE+ was intermediate.
Acquisition
To compare the amount of differentiation reached at the end of acquisition (Fig. 1a) a group × stimulus (3 × 3) analysis of variance (ANOVA) for block 4 was computed. The main effect of group (F 2, 108 = 2.92; P > 0.05) was marginally nonsignificant, whereas the main effect of stimulus (F 2, 216 = 203.26; P < 0.001) was significant. Because the interaction group × stimulus was significant (F 4, 216 = 10.07; P < 0.001), we computed simple effects for stimulus and group.
All three groups showed significantly (P < 0. In group 1CE+ the response to B− (M = 0) was smaller than to A− (M = 24.32), which by itself was smaller than the response to the compound AC+ (M = 81.08). In group 0CE+ the response to A− (M = 0) was similar to B− (M = 2.7), but the response to either element was smaller than the response to the compound CD+ (M = 93.24). The groups differed in responding to A− (F 2, 108 = 7.84; P < 0.001), to B− (F 2, 108 = 9.56; P < 0.001), and to the compounds AB+, AC+, or DC+ (F 2, 108 = 3.25; P < 0.05). A Tukey test (HSD = 19.68) showed that response to A− in group 2CE+ (M = 27.02) and in group 1CE+ (M = 24.32) was similar but was significantly larger in both groups than in group 0CE+ (M = 0). The response to B− in group 1CE+ (M = 0) and in group 0CE+ (M = 2.7) was similar but was significantly smaller in both groups than in group 2CE+ (M = 29.73). The re- 
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sponse to the compound in group 0CE+ (M = 93.24) was larger (nearly significant) than in group 2CE+ (M = 74.32). The response to the compound in group 1CE+ (M = 81.08) was intermediate. The response to nonreinforced elements that were part of the reinforced compound (A in group 1CE+, A and B in group 2CE+) was larger than the response to elements that were never presented in a compound (A and B in group 0CE+, B in group 1CE+).
Test
A group × trial (3 × 6) ANOVA was computed for the nonreinforced presentations of C− (Fig. 1b) . We found a significant main effect of group (F 2, 108 = 7.96; P < 0.001), as well as a significant main effect of trial (F 5, 540 = 10.25; P < 0.001). The interaction group × trial was not significant (F 10, 540 = 1.73; P > 0.09). Both groups 1CE+ and 0CE+ showed a significant decrease in the response to C− along blocks, whereas group 2CE+ did not (HSD = 17.33 for all comparisons). The response to the first C− in group 1CE+ (M = 40.54) and group 0CE+ (M = 54.05) was similar (HSD = 24.35) but higher than that in group 2CE+ (M = 8.11).
Linking Acquisition and Test
We compared the response to the last reinforced compound in acquisition (block 4) with the response to the first nonreinforced presentation of C− in both groups, in which C was trained as a part of the compound (group 1CE+ and group 0CE+). A 2 × 2 (group × stimulus) ANOVA showed that the main effect of group (F 1, 72 = 2.86; P > 0.09) and the group × stimulus interaction (F < 1) were not significant. The main effect of stimulus, however, was significant (F 1, 72 = 47.08; P < 0.001). Post hoc comparisons showed that the response to AC+ (M = 81.08) in group 1CE+ was larger than the response to C− (M = 40.54). In group 0CE+ the response to CD+ (M = 93.24) was larger than the response to C− (M = 54.05; HSD = 16.38). The comparison AC+ versus CD+ showed that the response to AC+ (M = 81.08) and CD+ (M = 93.24) differed (HSD = 11.99). Also the response to C− in both groups differed (group 1CE+, M = 40.54; group 0CE+, M = 54.05; HSD = 11.99).
DISCUSSION
The interpretation of the results of this experiment in the light of the different learning theories presented above is rendered difficult by the fact that animals of group 1 CE+ (Fig. 1 , middle panel) may have not reached asymptotic levels in the acquisition. Our last analysis (see Linking Acquisition and Test below), as well as the fact that in group 1CE+ the response to A− was larger than the response to B−, support this interpretation. It could be possible that asymptotic learning requires more than four nonreinforced exposures to A when A is also part of the reinforced compound. This would explain the level of responses to A and B at the end of training in group 2CE+ (Fig. 1a, upper panel) and to A in group 1CE+ (Fig. 1a, middle panel) . Due to this empirical problem, we did not attempt to interpret the results of this experiment in the frame of the different theories about compound learning. Note, however, that in an earlier study (Deisig et al. 2001) we showed that solving a positive patterning discrimination like the one trained in group 2CE+ of the current experiment involved some nonelemental processing.
Experiment 2: Reinforced Elements and Nonreinforced Compounds (Negative Patterning)
In experiment 2 we investigated the impact of similarity (number of common elements) between reinforced elements (CSs+) and a nonreinforced compound (CS−) on response differentiation. The number of reinforced trials and the number of nonreinforced trials was eight each. We compared the performance of three groups: group 2CE−, A+, B+, and AB−; group 1CE−, A+, B+, and AC−; and group 0CE−, A+, B+, and CD−. The discrimination of group 2CE− is a negative patterning discrimination. Figure 2a shows the acquisition of conditioned responses (%PER) to the compound (CS−) and to the elements A+ and B+ (CSs+) for each of the three groups (upper panel, group 2CE−; middle panel, group 1CE−; lower panel, group 0CE−) along four blocks of trials. Figure 2b shows the response to a new nonreinforced compound (BC−) in a test phase following acquisition. All three groups showed increasing response differentiation between CSs+ and CS− along training. The overall response differentiation in group 0CE− was larger than in group 2CE−. Group 1CE− showed intermediate response differentiation.
Acquisition
We compared the amount of differentiation reached at the end of acquisition (block 4) by a group × stimulus (3 × 3) ANOVA (Fig. 2a) . The main effect of group (F 2, 108 = 7.56; P < 0.001) and the main effect of stimulus (F 2, 216 = 84.6; P < 0.001) were significant. As the interaction group × stimulus (F 4, 216 = 3.95; P < 0.006) was also significant, we computed simple effects for stimulus and group.
All three groups showed significantly (P < 0.001) larger responses to either CSs+ than to the CS− (group 2CE−, F 2, 216 = 13.73; group 1CE−, F 2, 216 = 25.2; group 0CE−, F 2, 216 = 53.56). With decreasing similarity, the amount of response differentiation reached in block 4 increased. A Tukey test (HSD = 20.1) showed that the response to A+ in group 2CE− (M = 37.84) did not differ from the response to B+ (M = 45.95), but the response to either element was larger than the response to the compound AB− (M = 4.05). In group 1CE− the response to B+ (M = 62.16) was larger than the response to A+ (M = 40.54), which by itself was
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larger than the response to the compound AC− (M = 2.7). In group 0CE− the response to A+ (M = 72.97) did not differ from the response to B+ (M = 81.08), but the response to either element was larger than the response to the compound CD− (M = 1.35). The groups differed in the response to A+ (F 2, 108 = 9.1; P < 0.001). A Tukey test (HSD = 23.94) showed that the response in group 2CE− (M = 37.84) and group 1CE− (M = 40.54) was similar but was significantly smaller than in group 0CE− (M = 72.97). The response to B+ and to the nonreinforced compound will be analyzed later in an ANOVA, including the response to the test compound BC−.
Test
A group × trial (3 × 6) ANOVA was computed for the nonreinforced presentations of BC− (Fig. 2b) . We found a significant main effect of group (F 2, 108 = 4.11; P < 0.02), trial (F 5, 540 = 43.68; P < 0.001), and of the interaction group × trial (F 10, 540 = 2.22; P < 0.03).
Therefore, we computed simple effects for trial and group. All three groups (group 2CE−, F 5, 540 = 12.51; group 1CE−, F 5, 540 = 7.88; group 0CE−, F 5, 504 = 27.72) showed significantly (P < 0.001) decreasing responses to BC− along trials. However, the groups differed in their response to the first presentation of BC− (F 2,108 = 7.51; P < 0.001). A Tukey test (HSD = 22.02) showed that the response in group 2CE− (M = 48.65) shortly failed to be significantly smaller than the response in group 0CE− (M = 67.57). Group 1CE− (M = 35.14) differed from group 0CE− but not from group 2CE−.
Linking Acquisition and Test
For all three groups, we compared the response to the last nonreinforced compound presentation (block 4) with the last reinforced presentation of B+ (block 4) and the first nonreinforced presentation of BC−. A 3 × 3 (group × stimulus) ANOVA yielded significant differences for the main effect of group (F 2, 108 = 4.4; P < 0.02), stimulus (F 2, 216 = 95.91; P < 0.001), and group × stimulus interaction (F 4, 216 = 4.59; P < 0.002). We, therefore, computed simple effects for stimulus and group. All three groups (group 2CE−, F 2, 216 = 19.72; group 1CE−, F 2, 216 = 27.96; group 0CE−, F 2, 216 = 57.43) showed significantly (P < 0.001) larger responses to B+ and BC− than to the nonreinforced compound (group 2CE−, AB−; group 1CE−, AC−; group 0CE−, CD−). A Tukey test (HSD = 18.86) showed that in group 2CE− the response to BC− (M = 48.65) did not differ from the response to B+ (M = 45.95), but the response to both was larger than the response to the compound AB− (M = 4.05). In group 1CE− the response to BC− (M = 35.14) was smaller than the response to B+ (M = 62.16) and the response to AC− (M = 2.7) was smaller than the response to both B+ and BC−. In group 0CE− the response to BC− (M = 67.57) did not differ from the response to B+ (M = 81.08), but the response to both was larger than the response to CD− (M = 1.35).
The groups differed in their response to B+ (F 2, 108 = 7.23; P < 0.002) and to BC− (F 2, 108 = 6.21; P < 0.003) but not in their response to the nonreinforced compound (F < 1). A Tukey test (HSD = 24.2) showed that the response to B+ in group 2CE− (M = 45.95) was significantly lower than the response to B+ in group 0CE− (M = 81.08). Group 1CE− (M = 62.16) showed an intermediate response level to B+. The response to BC− in group 2CE− (M = 48.65) was not significantly lower than the response to BC− in group 0CE− (M = 67.57). This was also the case 
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for group 1CE− (M = 35.14). The difference between group 2CE− and group 1CE− was not significant.
General Discussion
The acquisition (Fig. 2a) of experiment 2 showed that the response to reinforced elements that were part of the nonreinforced compound (A in group 1CE−; A and B in group 2CE−) was smaller than the response to elements that were never presented in a compound (A and B in group 0CE−; B in group 1CE−). This finding contradicts a pure elemental theory because the response to the compounds was even smaller than the response to the element(s) in common. This is particularly evident in the case of group 2CE− in which such an elemental account assumes summation of the excitatory strengths of A+ and B+ on compound presentation, a fact that could never result in a decrease in the response to AB−. The results of the acquisition also reject the extreme configural theory because, for this theory, each of the three compounds (AB, AC, and CD) constitutes an entity that differs from the elements A and B. Thus differentiation between compound and elements should be the same overall. As this was not the case, we exclude the extreme configural theory as an explanation for the acquisition of experiment 2. Predictions of both the unique-cue theory and Pearce's configural theory, however, are in accordance with the acquisition data. The unique-cue theory could explain successful differentiation in the acquisition as such a cue might carry the inhibitory associative strength of the compound. In accordance with Pearce's configural theory, our data show that generalization between the compound and its elements depends on their similarity (i.e., number of common elements).
The combined analysis of acquisition and test allows rejecting again the extreme configural theory. This theory predicts that the response to BC− in all three groups (2CE−, 1CE−, and 0CE−) should be equal because in all three cases BC would be a new configuration, different from all stimuli known. This was not the case, as the response to BC− varied across the three groups.
For deciding between the three remaining theories (pure elemental, unique-cue, and Pearce's configural theory), we analyzed each group separately. For group 2CE−, the three theories predict that the response to BC− should be larger than the response to AB−. Furthermore, both the elemental and the unique-cue theories predict that the response to BC− should equal the response to B+, whereas Pearce's configural theory predicts that the response to B+ should be higher than the response to BC−, as the latter constitutes a new configuration that nevertheless includes B. In group 2CE−, bees responded equally to B+ and to BC− ( Fig. 2a,b; upper panel) . Therefore, Pearce's configural theory has to be rejected. From the two remaining theories that predicted such an outcome (pure elemental and unique-cue) the pure elemental theory was already rejected because it cannot explain the acquisition data. Thus, only the unique-cue theory can account for the data of group 2CE−.
For group 1CE−, the three theories predict that the response to BC− should be smaller than the response to B+. This prediction was supported by the empirical data. The unique-cue approach and Pearce's configural theory predict that the response to AC− should be smaller than the response to BC−, whereas the elemental theory predicts no difference because A and B should have the same excitatory strength at the learning asymptote. The empirical data show that bees responded more to BC− than to AC− (Fig. 2a,b , middle panel), a fact that rejects the pure elemental theory and supports both the unique-cue and Pearce's configural theory. Further experiments are necessary to decide between these two possibilities. However, results of group 1CE− show that a discrimination task (A+, B+ vs. AC−) that does not necessarily promote configural processing nevertheless may be solved using that kind of processing.
For group 0CE−, both the unique-cue theory and Pearce's configural theory predict that the response to CD− should be smaller than the response to BC−, which by itself should be smaller than the response to B+. The pure elemental theory predicts that the response to BC− should equal the response to B+ because at the asymptote, B supports maximal associative strength, whereas C supports no associative strength (therefore B = BC). Bees in group 0CE− responded more to B+ than to BC− (Fig. 2a,b , lower panel). Although this difference failed to reach significance, it was close to it. Increasing the statistical power (i.e., more bees per group) might allow to reach significance, a fact that would support the predictions of the unique-cue and Pearce's configural theory. As for group 1CE−, the results of group 0CE− suggest that even in a discrimination task that can be solved in a pure elemental way (A, B vs. CD), bees may have adopted a nonelemental processing strategy.
Our work shows two major findings. First, a reduction of similarity (number of common elements) between elemental odors and compounds enhances the ability to discriminate elements and compounds. Second, the kind of processing used by the bees in experiment 2 (negative patterning design) excludes the pure elemental and the extreme configural theories; results of this experiment were consistent with the unique-cue theory and, partially, with Pearce's configural theory. In the case of experiment 1 (positive patterning), the kind of processing used by the bees to solve the discrimination problems could not be determined because asymptote of acquisition was most likely not reached by animals of two groups (2CE+ and 1CE+).
In the acquisition of both experiments 1 and 2 we found that differentiation between elemental odors and compounds improved with decreasing similarity (number
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www.learnmem.org of common elements). Furthermore, the response to elemental odors that were part of the compound was higher (in the case of groups CE+) or lower (in the case of groups CE−) than that observed for elemental odors that had not been part of a compound. The question then arises as to which strategy was used by the bees to achieve discrimination. In a previous study (Deisig et al 2001) , we partially answered this question. We showed that honeybees could differentiate reinforced and nonreinforced stimuli in positive and negative patterning discriminations (schedules corresponding to those of the actual groups 2CE+ and 2CE−). The successful differentiation found there for negative patterning could neither be explained by elemental summation nor by the unique-cue principle or Pearce's configural theory. We showed that nonelemental processing must have taken place to solve the discrimination problem. In the same way, results of the positive patterning discrimination also had supported the assumption that nonelemental representations are involved in this kind of discrimination. We thus had concluded that nonelemental representations (configural or unique-cue based) should have been involved both in negative and positive patterning discriminations.
The problem addressed in this study is related to the fact that a determining factor for adopting configural or elemental compound processing may be the difficulty inherent to the discrimination problem. Specifically, the number of common elements between compound and elements may drastically affect the ability of differentiating between them. If the number is high, similarity between compound and elements is also high and thus differentiation is difficult. This assumption was explicitly tested in our work. Bees confronted with an AB versus A, B discrimination (groups 2CE+ and 2CE−) had two common elements between compound and elements, whereas bees confronted with a CD versus A, B discrimination (groups 0CE+ and 0CE−) had no common elements. For the former, the difficulty of the task may promote configural processing. For the latter, the discrimination is simple and may be based on elemental processing. Configural processing would then be unnecessary. Bees confronted with an AC versus A, B discrimination (groups 1CE+ and 1CE−) face an intermediate situation. In this case, configural processing may take place.
Due to the lack of asymptotic level in experiment 1, only experiment 2 (negative patterning) allowed deciding among the pure elemental theory, the unique-cue theory, Pearce's configural theory, and the extreme configural theory. Table 1 summarizes our findings in relation to the support or rejection of these theories.
The results of all three groups neither supported the pure elemental theory nor the extreme configural theory. Pearce's configural theory was partially supported by data of groups 1CE− and 0CE− but was not compatible with data of group 2CE−. Only the predictions of the unique-cue theory were fully supported by all three groups. The fact that this theory, together with Pearce's configural one, was the most robust in accounting for our results indicates that honeybees do not use pure elemental strategies but rather rely on nonelemental strategies for solving negative patterning discriminations. Even results of discrimination tasks that would promote elemental processing (groups 0CE−) could not be explained by the elemental theory and involved nonelemental processing.
Odorant concentration cannot account for solving the different discrimination tasks of our work. As mentioned below in Material and Methods, Pelz et al. (1997) showed that bees trained with our olfactory conditioning device do not use odorant concentration as the basis for discrimination. Furthermore, if in our experiments bees simply responded more to the higher concentration as they did in experiment 4 of Pelz et al. (1997) , then in our positive patterning experiments (Fig. 1 ) the response to the elements should be higher than to the compound (in which both odorants were presented with about half the concentration relative to when they were presented alone). Last but not least, the data of our negative patterning experiments, too, contradicted the idea that the discrimination was based on concentration. First, the course of differentiation between CSs+ and CS− over blocks is inconsistent with the use of odorant concentration for solving the discrimination A+, B+ versus AB−. In the first block of the acquisition of group 2EC-(see Fig. 2 ), the response to the compound AB was higher than that to the single odorants A and B. This suggests a summation effect that enhances the response to compound with respect to responses to the single elements and is exactly what we expect if bees use odorant quality in the response to the compound. If bees used odorant concentration, the opposite should be found throughout the blocks (AB < A, B). Instead, in block 2 we found that the response to AB was equal to responses to A and B. Only at the end of training, the response to AB was less than the response to A or B. Second, animals tested with BC− in group 2EC-, had experienced B but not C, which is therefore neutral and should not elicit responses (this is shown by the tests with C− in the positive patterning schedule; see Fig. 1 ). Thus, a BC− test in which the concentration of B was reduced to about half its original mag- 
nitude should result in a response to BC− that should be half the response to B+. This was not the case. The first response to BC− in the test was the same as that to B+ in the last block of the acquisition. Knowledge about the neural processing of odors yields more light about the true nature of olfactory compound processing in honeybees. Much is already known about the basic principles of olfactory coding at the level of the bee antennal lobe, the primary olfactory neuropile in the insect brain (Joerges et al. 1997; Galizia and Menzel 2000) . In vivo optical recordings of the antennal lobe revealed that the activation patterns for binary odor mixtures include components of both single odorants. In general, this would support the idea of an elemental processing strategy (e.g., Rescorla and Wagner 1972) and contradicts an extreme configural theory. However, response profiles indicate inhibitory interactions at several glomeruli for the mixture response. Therefore, the patterns evoked are combinations of the single odorant responses that are not fully additive (Joerges et al. 1997) . Such interactions could indicate the formation of singular codes for complex odor blends (Joerges et al. 1997 ) and therefore disagree with the pure elemental theory. Further optical recording studies performed in parallel with patterning discrimination problems might yield more light on the processing strategy used by bees.
Our findings are relevant in the ecological domain. The fact that honeybees can better discriminate olfactory elements and compounds when these are very different (e.g., A, B vs. CD) than when they are similar (e.g., A, B vs. AB) might affect flower discrimination by honeybee foragers and could be exploited by flowers that require pollinator visits to be fertilized. In a foraging context, differently rewarding flowers may partially overlap in their odorant composition. In that sense, configural processing of odor mixtures may allow identifying and discriminating a particular rewarding flower species from nonrewarding species having similar odors without errors due to enhanced generalization on the basis of components.
METHODS
Honeybees were caught at the entrance of outdoor hives at the beginning of each day. Each bee was placed in a small glass vial and immobilized by cooling it in a freezer. Individuals were mounted into restraining harnesses such that they could only move their antennae and mouthparts, including the proboscis (Takeda 1961; Bitterman et al. 1983) . Animals were then kept undisturbed in a laboratory room for ∼ 2 h. Ten minutes before the training session, each subject was checked for intact PER by touching one antenna with a toothpick imbibed with sucrose solution without subsequent feeding. Extension of the proboscis beyond a virtual line between the open mandibles was counted as a PER (unconditioned response). Animals that did not show the reflex (<5%) were discarded for the experiments.
The US was always 1.25-M sucrose solution. The CSs were the odorants limonene, 2-octanol, methylsalicylate, and cineole (SIGMA). On each experimental day, 4 µL of pure odorant were applied onto a fresh strip of filter paper. The paper strips were placed into a 1-mL plastic syringe and mounted in an odor-supplying device (Pelz et al. 1997) . When the bee was placed in front of the device, it received a gentle, constant flow of clean air provided by a standard aquarium pump. Computer-driven solenoid valves (Lee Company) controlled airflow delivery. During periods of odorant delivery, the airflow was shunted through a syringe containing the odorant. In that way, a single odorant or a compound of two odorants was delivered to the bee. In the latter case, the valves corresponding to two different syringes were opened simultaneously, such that the airflow arriving at the antennae of the bee contained the two odors as a compound. An exhaust system was mounted behind the bees to remove odor-laden air. Between conditioning trials, bees were placed in front of a small van delivering a constant airflow comparable to that of the odor-supplying device. In that way, the mechanical airflow stimulation during training could not act as a predictor for the US.
Although it may be argued that in compound presentation bees are exposed to about half the magnitude of each odorant relative to when they were presented in isolation, it has been shown that bees are not able to use stimulus concentration as the basis to master olfactory discriminations (Pelz et al. 1997 ; see their experiment 4). Using the same conditioning device, Pelz et al. (1997) showed that bees failed in discriminating two different concentrations of the same odorant in a differential conditioning task. In this case, bees simply respond to the higher concentration, independent of its contingency (reinforced or nonreinforced). Although the concentration differences used by Pelz et al. (1997) largely exceeded the difference created by our device, bees were unable to use odorant concentration as a basis for discrimination.
At the beginning of each trial the subject was placed in front of the odor-supplying device for 15 sec to allow familiarization with the training situation. Thereafter the CS was presented for 6 sec. In reinforced trials, the US onset occurred 3 sec after CS onset. Both antennae were lightly touched with a toothpick imbibed with the sucrose solution and after proboscis extension the bee was allowed to feed for 3 sec. Therefore, the interstimulus interval was 3 sec and the overlap between CS and US was also 3 sec. Nonreinforced trials consisted of 6 sec CS presentation without reward. After each conditioning trial, animals were returned to their resting position. The intertrial interval was 8 min.
During acquisition, as well as in the subsequent test phase, we recorded whether a bee extended its proboscis after onset of the odor (CS) and before presentation of the sucrose solution (US) in the case of reinforced trials, such that the anticipatory response recorded could not have been evoked directly by the US. The criteria for the occurrence of a conditioned response were the same as for the unconditioned one (extension of the proboscis beyond a virtual line between the open mandibles), except that it should occur in response to the olfactory stimulation. Multiple responses during a CS were counted as a single PER. After completing the training session, all animals were again checked for PER. If an animal did not respond, it was discarded (<10%). The same was true for animals that never or always responded during conditioning.
Experimental Design
Acquisition
Experiments were designed to study the effect of varying the number of common elements in the two classes of stimuli (single odors and binary olfactory compounds). Bees were trained to discrimi-
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www.learnmem.org nate two elemental odors, A and B, from a binary olfactory compound. Training was performed according to a positive (compound reinforced and elements nonreinforced) or a negative patterning schedule (compound nonreinforced and elements reinforced). In both cases, three groups were established. In a first group (group 2CE, two common elements), bees were trained with a compound AB (two common elements, A and B). Bees from this group had thus to differentiate AB from A and B, a discrimination which corresponded to a typical positive or negative patterning design, depending on the reinforced or nonreinforced nature of the compound and the elements. In a second group (group 1CE, one common element), bees were trained with a compound AC (one common element, A). Bees from this group had to differentiate AC from A and B. In a third group (group 0CE, no common elements), bees were trained with a compound CD (no common element). Bees from this group had to differentiate CD from A and B. The reduction of the number of common elements between CS+ and CS− from group 2CE to group 0CE should decrease the demands for nonelemental processing to solve the discrimination. The two odorants limonene and 2-octanol were randomized as A and B; the odorants methylsalicylate and cineole were randomized as C and D. Bees received a total of 16 training trials with four presentations of A, four presentations of B, and eight presentations of the compound (AB, AC, or CD). Within each group the sequence of CS+ and CS− trials was randomized and changed for each day. Each group consisted of 37 bees.
Test
After acquisition, bees were tested in six consecutive nonreinforced trials (intertrial interval, 8 min). The three groups of bees trained according to positive patterning were given six C− trials. C was chosen to measure possible divergences in response as it was unknown to the first group (AB+) and potentially excitatory to the second and third groups (AC+ and CD+, respectively). The three groups of bees trained according to negative patterning were given six BC− trials. The potentially inhibitory element C (at least for groups 1CE− and 0CE−) was combined with B (excitatory in all groups), because a summation test is one conventional way for the examination of an inhibitor. Limonene and 2-octanol were randomized as B, whereas methylsalicylate and cineole were randomized as C.
Experiments were run in an alternating fashion, that is, one day was assigned to one of the positive patterning groups and the next day to one of the negative patterning groups. On average, 20 bees were trained per day. As for each group, ∼ 40-60 bees were trained, a complete group ran ∼ 2-3 d.
Data Transformation and Statistical Analyses
We measured the percentage of conditioned responses (%PER) separately in successive CS+ trials (omitting the randomly interspersed CS− trials) and in successive CS− trials (omitting the randomly interspersed CS+ trials).
In the positive patterning schedules, bees were given four A− and four B− presentations and eight reinforced compound presentations (AB+, AC+, or CD+). Data were grouped to obtain four blocks of two CS− trials and four blocks of two CS+ trials. In the negative patterning schedule, bees were given four A+ and four B+ presentations and eight nonreinforced compound presentations (AB−, AC−, or CD−). Data were again grouped to obtain four blocks of two CS+ trials and four blocks of two CS− trials.
For all groups, ANOVAs were used for between-group, as well as within-group, comparisons. Although ANOVA is usually not allowed in case of dichotomous data such as those of the PER, Monte Carlo studies have shown that it is permissible to use ANOVA under certain conditions (Lunney 1970) , which were met by the two experiments reported here. When necessary, Tukey tests were used to perform post hoc comparisons. The alpha level was set to 0.05 for all analyses.
